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Abstract 

Two embodiments of a rectangular nozzle on an aft deck are compared. 

In one embodiment the lower lip of the nozzle was extended with the 
sidewalls becoming triangles. In a second embodiment a rectangular 
nozzle was fitted with a surface that fit flush to the lower lip and extended 
outward from the sides of the nozzle, approximating a semi-infinite plane. 

For the purpose of scale-model testing, making the aft deck an integral 
part of the nozzle is possible for relatively short deck lengths, but a 
separate plate model is more flexible, accounts for the expanse of deck to 
the sides of the nozzle, and allows the nozzle to stand off from the deck. 

Both embodiments were tested and acoustic far-field results were 
compared. In both embodiments the extended deck introduces a new noise 
source, but the amplitude of the new source was dependent upon the span 
(cross-stream dimension) of the aft deck. The noise increased with deck 
length (streamwise dimension), and in the case of the beveled nozzle it 
increased with increasing aspect ratio. In previous studies of slot jets in 
wings it was noted that the increased noise from the extended aft deck 
appears as a dipole at the aft deck trailing edge, an acoustic source type 
with different dependence on velocity than jet mixing noise. The 
extraneous noise produced by the aft deck in the present studies also 
shows this behavior both in directivity and in velocity scaling. 

Nomenclature 

D e = diameter, equivalent area 

H = short dimension of rectangular nozzle exit 

L = length of bevel beyond exit of baseline nozzle 

h = standoff height of plate surface from nozzle lip 

x T e = distance from nozzle exit to trailing edge of plate surface 

Ma = acoustic Mach number, U/a x 

Uj = ideally expanded jet velocity 

Goo = speed of sound, ambient 

I. Introduction 

Supersonic civilian aircraft will have to be considerably different than conventional 
aircraft because their shaping is critical to minimizing the boom heard on the ground. 

•j* 
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One part of this shaping may be to artfully embed the propulsion in the airframe, 
minimizing the sudden variations in aircraft cross-section or perhaps hiding pressure 
sources from non-ideally expanded plumes from reaching observers below the vehicle. 
Such tight integration of the propulsion offers potential noise reduction from the 
propulsion, but may also yield additional noise challenges. Low-speed applications of 
slot nozzles include blended-wing architectures with distributed propulsion, and high-lift 
concepts for short take-off operation. 

Embedded propulsion concepts often entail two geometric features beyond a simple 
round nozzle: high aspect ratio cross-section and an extended aft deck. The propulsion 
exhaust can be on the upper or lower side of the aircraft. The aspect ratio can vary 
significantly, but practical concerns regarding propulsion performance typically drive 
designs toward smaller aspect ratios unless there are other over-riding objectives that 
require high aspect ratio. For instance, in the early years of jet propulsion various 
schemes of augmenting lift by routing exhaust air through slots over airfoils were 
considered ’ . In these studies, aspect ratios up to 100 or more were considered. These 
exhaust schemes were typically much louder than equivalent isolated round jets, giving 
concern for current concepts with embedded propulsion. 

Research into the causes for the enhanced noise of a jet over a lifting surface looked at 
changes in the turbulent mixing noise and the addition of a new source from the 
scattering of turbulent energy as sound. In early studies 3,4 of the turbulence of a slot jet 
over a surface it was noted that the turbulence in the shear layer beginning at the trailing 
edge of the extended surface was amplified relative to a simple jet shear layer, the degree 
and scale of the turbulence depending upon the length of the surface downstream of the 
nozzle exit. This mixing noise source would presumably be addressed by acoustic 
analogy theory, perhaps with a custom Green’s function. Having noise be generated by 
scattering at the trailing edge would require a more specialized analysis, such as was first 
pursued in 1978 5 and is being revived. Well-established work on trailing edge noise of 
airfoils 6 may also be a fruitful approach to this problem. Experimental and modeling 
work is also underway to isolate the trailing edge dipole and empirically model this 
source in the specific case of a round jet over an extended surface [ 7 ]. 

If there are important gains to be made in aircraft design by having embedded 
propulsion, the lack of validated predictive tools for the problem of turbulent plumes 
exhausting over surfaces is a significant issue. Most acoustic analogies for jet noise, 
using Reynolds- Averaged Navier-Stokes computations to provide the flow quantities 
required, treat only free-space jets, assuming no solid surfaces are nearby the jet plume. 
Recent research at NASA is developing a comprehensive database for the impact of solid 
surfaces on jet noise. Strong changes that develop in the flow and noise as the surface 
comes very close to the jet plume are being documented along with the acoustic impact 
of the surface. Affiliated theoretical development using a rapid distortion theory has 
attempted to capture this change in terms of a dipole source located at the trailing edge of 
the surface. This theory is very sensitive to the mean profile and turbulence near the 
surface and in some ways is not directly applicable to the problem where the jet flow is 
directly on the surface. Even large eddy simulations (LES) have only recently been 
applied to this problem, and require validation and guidance as necessary simplifications 
(particularly regarding the need to resolve the boundary layer on the surface) that must 
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come from experiments. And finally, systems engineers working on vehicle concepts for 
supersonic flight need simplified, empirical models to make trades among the different 
performance objectives of the aircraft. For example, the semi-empirical modeling 
developed by Munro 8 allows prediction of noise from high aspect ratio jets. In current 
studies by the NASA High Speed Project aircraft configurations are being studied with 
low to moderate aspect ratios and with the nozzle exhausting on or near an aft deck, 
requiring a bit different design space be explored. To this purpose a research program 
was conceived, intended to systematically extend knowledge of jet noise from single 
round jets and round jets with parallel surface to rectangular jets with and without nearby 
surfaces. 

In 201 1 an extensive set of acoustic data was acquired on single-flow convergent 
rectangular nozzles of aspect ratios 2:1, 4:1, and 8:1. In addition to variation in aspect 
ratio, several versions of these nozzles were tested that had an extension of one wide side 
of the nozzle, characterized as making a ‘beveled’ nozzle. These nozzles are also 
representative of exhaust systems with a slot nozzle exiting over an aft deck of the 
aircraft. One outcome of the Extensible Rectangular Nozzle (ERN1 1) test program was 
an empirical model for how the spectral directivity was affected by the geometry of the 
nozzle relative to a convergent axisymmetric nozzle 9 . This model, with variables of 
aspect ratio and aft deck length, consisted of a bilinear polynomial in scaled versions of 
these variables, and was created to be a model in the new empirical module in NASA’s 
aircraft noise prediction code ANOPP2. This prediction module was limited in the range 
of aspect ratios and deck lengths that it spanned, and by the initial assumption that the 
geometric effects on the noise would be independent of jet flow condition. 

By 2013 work on the noise impact of round nozzles near surfaces had progressed 10 
such that more extensive questions were being asked regarding how having a surface 
extend far beyond the flow-scrubbing part of the nozzle or how having the nozzle 
standoff from the surface by some amount would change the sound. This became part of 
the TwinRect/AftDeck test carried out from January -May 2013, specifically, the first 
part of the test, which was done on the Small Hot Jet Acoustic Rig (SHJAR) in NASA’s 
Aero-Acoustic Propulsion Lab for single nozzles near surfaces. During this testing the 
basic rectangular nozzles were again tested but a moving plate that extended upstream 
and to the sides to approximate a semi-infinite surface replaced the ‘bevel’ or extended 
lip of the nozzle. The plate could be moved from the lip line outward with a linear 
actuator, and interchangeable surface extension pieces allowed different lengths of plate 
beyond the nozzle exit. The length of the plate beyond the nozzle exit was denoted xte for 
trailing edge length, and the standoff from the nozzle lip was designated h. Two of the 
new moving plate configurations replicated the two xte that had been tested as integral to 
the rectangular nozzles in ERN 1 1 . This configuration could only be acoustically 
measured in the 0° and 180° azimuthal planes (called ‘reflected’ and ‘shielded’ 
respectively in previous jet-surface interaction testing). Geometrically, the range of aft 
deck lengths covered by the original model was relatively small, extending only up to 
xte/D c = 1.25. In the current work the model has been extended in xrr/D e using the 
separate plate hardware, up to aft deck lengths of xte/D,, = 5.6, for a more complete 
parametric range of aft deck extensions. 
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This paper will describe the results of the testing of rectangular nozzles with aft deck 
surfaces that are coplanar with the lower lip of the nozzle. It will compare and contrast 
the acoustic impact of the aft deck surface as simulated by a beveled, integral, lower lip, 
and by a semi-infinite surface. 


II. Experimental Facility 

All data in this report were acquired on the Small Hot Jet Acoustic Rig (SHJAR) in 
NASA’s Aero- Acoustic Propulsion Lab at NASA Glenn Research Center. Details of the 
SHJAR and of the anechoic Aero- Acoustic Propulsion Lab can be found in a report 1 1 
detailing the basic round jet noise performance of the rig. Of significance here: acoustic 
data were acquired on a 150” (3.8m) arc using twenty- four %” Bruel & Kjaer condenser 
microphones at a 5° spacing from 50° to 165° relative to the forward flight direction. All 
data presented have had atmospheric attenuation added back to the spectrum and have 
been transformed to an arc with radius of 100 equivalent jet diameters assuming spherical 
spreading from the jet exit. The flow conditions were controlled to maintain jet velocity 
relative to ambient speed of sound (acoustic Mach number Ma ) to within 0.5% of stated 
values. 


III. Model hardware 

The rectangular nozzles were designed to deliver a flat velocity profile at the 
rectangular nozzle exit plane, and the resultant design was documented extensively . 
Then one wide side lip was extended with the narrow side making a triangle that 
connected the short and long lips. These were referred to as beveled rectangular nozzles. 
Although it was envisioned that many nozzles would follow with the same basic 
contraction and different trailing edge feature (hence the name Extensible Rectangular 
Nozzle system), the cost of integral fabrication and the need to create a very long lip, or 
aft deck as it later became known, caused the adoption of a separate plate to be added to 
the basic rectangular nozzles. All rectangular nozzles had the same exit area, producing 
the same area-equivalent diameter D e = 2.137”. 

A. Beveled Rectangular Nozzle 

The original ERN family included nozzles of aspect ratio 2:1, 4:1, and 8:1. For each of 
these aspect ratios, three nozzles were fabricated: one basic nozzle with no extension, and 
two beveled variants with a bevel length of 1.3” and 2.7”, denoted B1 and B2 in the 
nozzle naming convention. For the 2: 1 and 4: 1 aspect ratios a ‘K1 ’ variant was created 
that duplicated the B1 design but with the triangular sidewalls removed. The K1 variant 
is a critical connection between the integral bevel nozzles and the rectangular nozzles 
with separate aft deck. See Table 1 for naming convention and critical dimensions of the 
beveled nozzles. If the dimensions of the rectangular nozzles are given by their major and 
minor axes, the bevel lengths are that of the minor and major axes of the 2: 1 nozzle, and 
hence twice and four times respectively the minor axis height of the 8:1 nozzle. The 8:1 
aspect ratio family is shown in Figure 1. 

The nomenclature describing the beveled rectangular jet nozzles and observer angles 
is given in Figure 2. The bevel is created by extending one lip a distance L downstream of 
the baseline exit. The minor axis dimension is denoted H. Polar angles are measured from 
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the upstream jet axis and the azimuthal or roll angle is measured from the minor axis on 
the short side of the bevel. 


Table 1 Nozzle configurations, rectangular nozzles with extensions. 


Nozzle Name 

Aspect Ratio 

Bevel Length L 

L/D e 

Sidewall? 

A2Z0 

2:1 

None 

N/A 

N/A 

A2B1 

2:1 

1.3” 

0.63 

Yes 

A2K1 

2:1 

1.3” 

0.63 

No 

A2B2 

2:1 

2.7” 

1.25 

Yes 

A4Z0 

4:1 

None 

N/A 

N/A 

A4B1 

4:1 

1.3” 

0.63 

Yes 

A4K1 

4:1 

1.3” 

0.63 

No 

A4B2 

4:1 

2.7” 

1.25 

Yes 

A8Z0 

8:1 

None 

N/A 

N/A 

A8B1 

8:1 

1.3” 

0.63 

Yes 

A8B2 

8:1 

2.7” 

1.25 

Yes 



Figure 1 Sample beveled rectangular nozzles from ERN family. From the top: A8Z0, 
A8B1, A8B2. 
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Figure 2 Nomenclature for beveled rectangular nozzles. 

B. Rectangular Nozzle with Aft Deck Surface 

To more economically explore the effect of bevel length, or aft deck length as it 
became known, and to explore the effect of offsetting the nozzle flow from the deck, a 
new architecture of model was created. Here the basic rectangular nozzles had plates 
fitted to them such that when the plate surface was even with the inner lip of the wide 
side of the nozzle, the surface and nozzle were effectively one piece. Figure 3 shows the 
general layout of this model system, including definitions of the plate length xte and 
standoff h. Five aft deck lengths xte were tested: 1.3”, 2.7”, 4”, 8”, and 12” long. Table 2 
presents the nomenclature and relevant dimensions of all surface plate configurations 
tested. Note that the first two plate lengths xte are the same as the lengths of the bevels L 
on the integral nozzles and that for data in this paper the plate will always be congruent 
with the nozzle lip, e.g. h = 0. 

It may seem presumptuous to expect that the integral beveled nozzle and the nozzle 
with separate aft deck would be similar acoustically. After all, the integral bevel features 
triangular sidewalls while the separate deck has a significant (ideally infinite) span 
beyond the sides of the nozzle. The separate plate has a different trailing edge geometry, 
having a 45° chisel to the VF plate rather than a 0.030” thick trailing edge on a very thin 
surface. However, along with the beveled nozzles originally fabricated, a version without 
the triangular sidewalls was manufactured and tested. Figure 5 compares the beveled 
nozzle, with and without sidewalls, with the rectangular nozzle with separate plate. Initial 
tests found the triangular sidewall to have little effect on the beveled nozzles’ acoustic 
properties (shown below). Hence, there was reason to believe that the two model systems 
would perform in a similar manner acoustically, e.g. that L and xte could be used 
interchangeably. 
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Figure 3 Nomenclature definition for basic rectangular nozzle with surface. A8Z0 with 
h = 1 ” (h/D e = 0.45), xte = 4” (xrE/D e =1.88) shown. 

Table 2 Nozzl^onfigurationsNjcis^iozzl^ntlyylat^iiuJbc^^^^^^^^^^^^^^^^^ 

Nozzle Name Aspect Ratio Plate Length Xte a-//.//),, 


A2X13 

2:1 

1.34” 

0.63 

A2X27 

2:1 

2.68” 

1.25 

A2X40 

2:1 

4.00” 

1.88 

A2X80 

2:1 

8.00” 

3.74 

A2X120 

2:1 

12.00” 

5.61 

A4X13 

4:1 

1.34” 

0.63 

A4X27 

4:1 

2.68” 

1.25 

A4X40 

4:1 

4.00” 

1.88 

A4X80 

4:1 

8.00” 

3.74 

A4X120 

4:1 

12.00” 

5.61 

A8X13 

8:1 

1.34” 

0.63 

A8X27 

8:1 

2.68” 

1.25 

A8X40 

8:1 

4.00” 

1.88 

A8X80 

8:1 

8.00” 

3.74 

A8X120 

8:1 

12.00” 

5.61 
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Figure 5 Comparison of different embodiments of short aft deck on 4:1 aspect ratio 
nozzle: beveled nozzle with sidewalls (A4B1, left), beveled nozzle without sidewalls 
(A4K1, center), baseline nozzle with separate plate (A4Z0 with xte = 1-3”, right). 


IV. Experimental Results 

Results will be presented in the following logical order: first, the effect of aspect ratio 
and bevel length will be presented for the beveled nozzles, showing the magnitude and 
character of the impact on jet spectra that the model must represent. Second, the effect of 
aspect ratio and aft deck length as found in experiments of baseline rectangular nozzles 
with a flat plate coplanar to the nozzle lip. Third, data will be presented for those cases 
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where the two methods of approximating an aft deck overlap in variable space. In all 
three presentations a flow condition of acoustic Mach number Ma = 0.5 will be used to 
accentuate the effect of the dipole edge noise. At higher speeds the jet mixing noise, 
which increases with Ma approximately as (Maf, began to dominate the trailing edge 
noise, which increases as (Maf. 

In the figures below, the spectra are power spectral density with frequency scaled as 

9 2 

Strouhal number. The decibel scaling is relative to 0.4x10' Pa /St. The spectra have been 
averaged over 1/12-octave bands to allow better discrimination of the line plots. 

A. Presentation of noise of beveled nozzle 

The impact of bevel length on rectangular nozzles of various aspect ratios is 
demonstrated in Figure 6. In each plot of the figure the power spectral density of the far- 
field sound at polar angle 90° is shown for four different nozzles: round nozzle 
(SMC000), baseline rectangular nozzle (A*Z0), and two different bevel lengths (A»B1 
and A»B2) where • is the aspect ratio. Spectra are shown for two azimuthal, or roll, 
angles, as defined in Figure 2. From the figure the 2: 1 rectangular nozzle produces noise 
only slightly different than the round (SMC000) nozzle. The difference becomes greater 
as the aspect ratio increases, with the rectangular jet being quieter by as much as 3dB in 
the case of the 8: 1 rectangular nozzle on the major axis plane (azimuth = 0°). More 
striking in this plane is the increase in noise with bevel length, especially for large aspect 
ratios. The 8:1 nozzle with the longest bevel (A8B2) is 8dB above the 8:1 nozzle without 
bevel. On the minor axis plane the longest bevel only adds up to 3dB to the 8:1 nozzle 
sound. 

In summary, noise is decreased in both azimuthal planes by increases in aspect ratio, 
but much more dramatically in the major axis plane. These reductions are quickly lost as 
one lip of the nozzle was extended to make an aft deck. This was the overall trend that 
was captured by the beveled rectangular model. 

Similar to Figure 6, the plots in Figure 7 compare noise spectra at right angles to the 
jet axis and for two rolls angles. In these plots, however, the different spectral lines come 
from nozzles with the same integral lower lip built into the nozzle, but the nozzle denoted 
by A»K1 did not have a sidewall, as exemplified by the middle nozzle of Figure 5. In the 
upper row of Figure 7, featuring the noise of the 2: 1 nozzles, there is more impact of the 
extended lower lip when the sidewall is missing; the beveled nozzle has very little 
difference in noise from the basic rectangular nozzle. In the lower row, the 4:1 nozzles 
show more impact of the extended lower lip and the impact is independent of whether the 
sidewall is present or not. From these plots one might say that it is inconclusive whether 
the sidewall has an acoustic impact or not, depending upon the aspect ratio. For higher 
aspect ratios where the length of the surface relative to the minor axis dimension is 
greater, the sidewall did not seem to make a difference. Based on this, it was expected 
that longer lower lips or surfaces would have more effect, and that this effect would not 
depend upon the presence of sidewalls. 
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Figure 6 Power spectral density at polar angle 90° and azimuthal angles 0° (left) and 
90° (right) for 2:1 (top), 4:1 (middle), and 8:1 (bottom) beveled nozzles with different 
bevel lengths. The round nozzle SMCOOO is included in the plots for reference. All jets 
were run unheated at Ma = 0.5. 
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Figure 7 Power spectral density at polar angle 90° and azimuthal angles 0° (left) and 
90° (right) for 2:1 (top) and 4:1 (bottom) nozzles with different bevel styles but same 
lengths. Nozzles A *Z0 have no extension, A*B1 have triangular sidewall while A*KI does 
not. All jets were run unheated at Ma = 0.5. 

B. Presentation of noise of nozzle with plate surface 

Further extending the aft deck length would be expected to further increase the noise, 
a trend which is borne out in Figure 8 which compares the power spectral density of noise 
for the rectangular nozzles with surfaces extending up to 12” or xte/D = 5.6. The plots in 
the figure are laid out similarly to Figure 6, except that the second column of plots is for 
data acquired at azimuthal angle (j) =180°, with the observer on the side of the plate 
opposite the jet. This has sometimes been referred to as the shielded side as opposed to 
the reflected side of the jet. Beyond the expected increase in noise with increases aft deck 
length, the plots convey how the extra noise is observed on both sides of the aft deck. At 
the lowest frequencies the sound reaches roughly the same levels on both sides of the 
plate, with the reflected side (j) = 0°) having a bit broader spectral peak. At the high 
frequencies there is a notable difference between the noise on the two sides of the jet, 
with the aft deck reflecting noise to <p = 0° and shielding noise to (p= 180° relative to the 
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isolated jet ( xte/D e = 0). The shielding is increased with the length of the aft deck, but the 
reflection is not. Also noteworthy is the fact that, at the largest deck lengths, the extra 
noise is not dependent upon aspect ratio. 



1 ; requency (St) I -requency (St) 


Figure 8 Power spectral density at polar angle 90° and azimuthal angles 0° (left) and 
180° (right) for 2:1 (top), 4:1 (middle), and 8:1 (bottom) nozzles with aft deck lengths 
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given in the legend. All aft decks are coplanar with the nozzle lip. All jets run unheated at 
Ma = 0.5. 


C. Comparison of noise from beveled nozzle and nozzle with surface. 

Figure 9 directly compares the noise of the two embodiments of an aft deck, the 
integral, beveled nozzle and basic nozzle with attached plate. In this figure the plots are 
organized into two columns, the shortest deck (L/D e = 0.63) on the left and the longer deck 
(L/D e = 1.25) on the right. In each plot the noise spectra of the rectangular nozzle without 
aft deck and of the rectangular nozzle with the two methods of implementing the deck are 
put on the same plot. Recall that the difference between the bevel and plate 
configurations is mostly span of the aft deck and the sidewalls, as shown in Figure 5. 

The two aft deck simulations produced similar overall results in a few ways: both aft 
decks produced greater sound than a jet without the deck, and the added noise increased 
with increasing aft deck length. However, there were significant differences: the separate 
plate configuration produced more noise than the beveled version when the nozzle had a 
low aspect ratio; the spectra of the separate plate versions were not as smooth — the 
separate plate configurations displayed tonal character. What is not readily apparent, but 
can be confirmed by overlaying the plots in each column, is that the noise spectra of the 
separate plate configurations on the different aspect ratios were nearly the same for each 
plate length. This is in contrast with the noise spectra of the beveled nozzles with the 
same length aft deck, which increase in amplitude with increasing aspect ratio. 

Noise spectra of the two configurations are replotted in Figure 10 to directly compare 
beveled nozzles of all aspect ratios at the two different bevel lengths, with the added 
benefit of presenting the noise from both sides of the bevel in the two columns of plots. 
The plots in this figure confirm that there was a significant effect of aspect ratio on the 
noise of the beveled nozzle configurations: the noise increases with increasing aspect 
ratio. Comparing the two columns of plots it is also clear that the noise at this jet speed 
was nearly the same on both side of the beveled nozzle, e.g. azimuthal angle 0° and 180°. 
This makes sense if the noise at the polar angle of 90° shown was dominated by a dipole 
at the trailing edge, aligned normal to the extended lip. 

Figure 1 1 mirrors Figure 10 in layout, but the plots are for the rectangular nozzle with 
separate plate configurations with xte/D c = 0.6 and 1.25. Once again, the noise on both 
sides of the nozzle were very similar. However, unlike the beveled nozzle 
implementation of an aft deck, the noise spectra were virtually independent of aspect 
ratio. 

Clearly there is some difference between the two implementations of an aft deck. 
Whether the difference is due to extending the surface to the sides of the nozzle, to the 
triangular side walls, plate trailing edge thickness and geometry, or aeroelastic vibration, 
is unknown. 
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Figure 9 Power spectral density at polar angle 90°, azimuthal angle 180° of 2:1 (top), 
4:1 (middle), and 8:1 (bottom) nozzles with aft decks simulated by beveled nozzle or by 
separate plate. For each aspect ratio the aft deck length is 0.63 (left) or 1.25 (right). The 
case of no aft deck is included on all plots for reference. All jets run unheated at Ma = 
0.5. 
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Figure 10 Power spectral density of sound from beveled rectangular nozzles at polar 
angle 90°, azimuthal angle 0° (left) and 180° (right). Nozzles with bevel length L/D = 
0.63 (top) and L/D = 1.25 (bottom). All jets run unheated at Ma = 0.5. 
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Figure 11 Power spectral density of sound from rectangular nozzles with separate plate 
at polar angle 90°, azimuthal angle 0° (left) and 180° (right). Nozzles with plate lengths 
Xtf/D c = 0.63 (top) and with xjf/Dc = 1.25 (bottom). All jets run unheated at Ma = 0.5. 


V. Discussion 

The spectra for the separate plate configurations in Figure 1 1 had an almost tonal 
spectral character, with the details of the spectra changing slightly from one side of the 
plate to the other. It must be noted that the measurements on the two sides of the plate 
were not acquired at the same time: the plate was repositioned while the nozzle and 
microphones remained fixed. The plate was not remounted, however, for changes in jet 
speed. It is possible that the spectral details, which differ from one side to the other (one 
column of plots to another in Figure 11), may be an artifact of the lack of repeatability in 
mounting the plate on the jet rig. We were alerted to this possibility by supporting work 
being done in a related test that explored the problem of plate resonance and aeroelastic 
response [ ]. However, very recent data, using an entirely different jet rig and surface 
mounting system reproduced the spectral details to a fine degree, reducing the likelihood 
of this explanation. Also, it was found that the spectral details changed when the same 
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surface plate was used with nozzles of different aspect ratios and different jet speeds, 
again reducing the chance that the noise is aeroelastic in origin. 

Figure 12 was prepared to make this point, and to show how the effect of the surface 
varied with jet speed relative to a jet with no surface. Compared with the smooth 
spectrum of jet mixing noise, represented in the figure by the spectra from the basic 2:1 
rectangular nozzle, the spectral character with the 2.7” plate was somewhat tonal, and 
these tonal features varied with aspect ratio and jet speed. At Ma = 0.5, the spectra of the 
different aspect ratio jets becomes spiky between 2-5kHz. Although the peak was at 
approximately the same frequency for all aspect ratios, significant differences occurred at 
the higher frequencies. At Ma = 0.7 the spectra became very rich in roughly the same 
frequency range with clear tones 5dB above the broadband. Again, these tones were not 
the same for the different aspect ratios nor did they match the peaks in the Ma = 0.5 
spectra. Finally, these effects were gone at Ma = 0.9, the spectra being again smooth like 
jet mixing noise, but elevated from the spectra of the basic rectangular nozzle. If these 
tonal characteristics came from induced plate vibrations they would have remained fixed 
for different aspect ratios and jet speeds. And even if the plate resonances had been 
altered by the remounting of the plate between changes of the nozzles, the resonances 
would not have changed between jet speeds as the plate was not remounted for changes 
in jet speed. A companion effort using the same nozzles in a different facility explored 
plate resonance and other mechanisms, and the character of that noise source is quite 
different than what is reported here. For these reasons it appears that the tonal character 
of the edge noise has origins in fluid mechanics rather than in plate vibrations. Or it may 
be better understood as an acoustic aspect of the trailing edge noise as studied in the 
scattering of turbulent pressure over trailing edges of airfoils 14 . 

The other strong point made by the figure is that the impact of the surface is strongest 
at lower jet speeds. Accepting that the surface effect is a trailing edge dipole this is 
expected, since the dipole will vary as velocity to the sixth power compared with eighth 
power scaling of the jet mixing noise. The tonal aspects of the edge noise complicate this 
simple explanation, but this scaling generally holds for the data acquired. However, this 
explanation shows why the previously created model 9 , which assumed that the geometric 
effects of the surface were independent of jet flow condition, is faulty. Instead of treating 
the geometric impact as a simple multiplier on the jet mixing noise, the impact must be 
taken as having a different flow scaling, a task being undertaken presently. 
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Figure 12 Power spectral density of sound from rectangular nozzles with the same 
surface plate of length 2.7” at polar angle 90°, azimuthal angle 0° for three different 
aspect ratios and three jet flow speeds. Each spectra offset by an additional lOdB for 
clarity. Note spectra are in dimensional form to detect fixed frequency caused by common 
plate resonance, if such had existed. 

Of all the differences between the two embodiments of an aft deck, three will be 
discussed in the remaining paragraphs: trailing edge geometry, sidewalls, and surface 
span. 

The differences in the trailing edge thickness of the aft deck would seem likely to 
change the source strength of a trailing edge dipole 15 . However, preliminary attempts to 
modify the trailing edge geometry have shown this to not be a factor. Recent data to be 
published in a later report used the same VP thick surface plate but varied the chisel angle 
of the trailing edge and found that the geometry did not strongly influence the noise of 
the surface plate. 

Another difference in the embodiments was the presence of a triangular sidewall in the 
bevel nozzle configuration. Given that the theory for trailing edge noise shows strong 
dependence of the noise upon the character of the turbulence passing over the edge it 
would seem significant that the shear layer normal to the surface be very different with 
and without the sidewall. Recall, however, that the difference in the bevel nozzles with 
the sidewall cut away was not nearly as great as the difference between the bevel and the 
simple surface. (Compare Figure 7 and Figure 9.) Thus it seems that the presence of the 
sidewall is not itself a significant feature for the noise. 

The final difference in the embodiments was the spanwise extent of the aft deck, non- 
existent in the bevel nozzle case, and 12 equivalent diameters across in the case of the 
surface plate. The fact that the aft deck noise in the surface plate configuration was 
independent of the aspect ratio, whereas the bevel nozzle was strongly dependent upon 
the aspect ratio, is a strong indication that the span size is a significant effect. In both 
cases the upper, off-surface, shear layer from the jet nozzle was the same distance from 
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the trailing edge, making this part of the source strength independent of embodiment. In 
the bevel nozzle version of an aft deck, however, the span of the surface is given by the 
width of the rectangular nozzle. As the span (width) increased with aspect ratio the 
efficiency of the trailing edge noise may be increasing. Work on the impact of the surface 
span is underway that may shed light on the acoustic significance of this aspect of the aft 
deck design. The possibility of constructive-destructive interference from noise 
propagating around the fore and aft edges of the plate, as considered in [ 16 ] was 
eliminated by carefully covering that the forward edge of the plate, effectively extending 
it to infinity. Clearly more effort is needed to carefully document the effect of span on the 
acoustic impact of the aft deck as end effects will vary significantly depending upon 
aircraft architecture and propulsion installation. 

VI. Summary 

Two embodiments of a rectangular nozzle on an aft deck were tested and the spectral 
directivities of the noise compared. Making the aft deck an integral part of the nozzle was 
possible for relatively short deck lengths, but a separate plate version was more readily 
fabricated, accounted for an expanse of deck to the sides of the nozzle, and allows the 
nozzle to stand off from the deck in future tests. 

In both embodiments, and for all aspect ratios, there was a noise penalty for having an 
extended deck. The noise increased with deck length, and in the case of the beveled 
nozzle it increased with increasing aspect ratio. There were distinct differences in the 
noise produced by the aft deck between the two embodiments. When a semi-infinite plate 
simulated the aft deck the noise spectra showed tonal characteristics that were not present 
when the aft deck was simulated by a beveled nozzle. The source of the spectral character 
is under investigation, but seems to be most strongly influenced by the cross-stream span 
of the surface. 

It is noted that the increased noise from the extended aft deck appeared as a dipole at 
the aft deck trailing edge, an acoustic source type with different dependence on velocity 
than jet mixing noise. Therefore, it is critical that empirical models of the surface effect 
depend upon flow condition beyond the basic jet mixing noise scaling. 
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